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1.0 Authorization and Notification  

The request to conduct a technical consultation was initiated by Mr. Philip Engelauf, NASA 
Johnson Space Center (JSC), on May 12, 2005.   
 
Mr. Ralph Roe, Director of the NASA Engineering and Safety Center (NESC) authorized a 
Consultation Report be prepared in an out-of-board action by the NESC Review Board (NRB) on 
May 26, 2005. 
 
The consultation Plan was developed by Mr. Jerry Ross, NESC Chief Astronaut, and approved 
by the NRB on June 2, 2005.  

At the request of the NESC, the independent peer review Team convened on June 29, 2005 to 
conduct a review of the Decompression Sickness (DCS) risks associated with the Extra 
Vehicular Activity (EVA) Campout Prebreathe (PB) protocol for its consideration for use on 
future missions.   

The final report was submitted on July 8, 2005 and approved by the NRB on July 28, 2005. 
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3.0 List of Team Members, Ex Officio Members, and Others 
 
Team Members 
Mike Duncan, Lead (non-voting) 
J. D. Polk, Deputy Lead (non-voting) 
Jerry Ross, NESC Chief Astronaut (non-voting) 
John Herrington, Astronaut, Safety and Mission Assurance (non-voting) 
Caroline Fife 
Richard Moon 
Keith Van Meter 
Bruce Butler 
Paul Sheffield 
Charles Contant, Jr. 
 
Presenters 
John Curry 
Mike Gernhardt 
Laura Moore 
Joe Dervay 
Johnny Conkin 
Dan Fitzpatrick 
 
Attendees 
Beth Moses 
John Raines 
Jennifer Clevenger 
John McCullough 
Joe Tanner 
Whitney Maples 
Keith Brandt 
Mike Bloomfield 
Craig Stencil 
Mike Powell 
James Waligora 
Smith Johnston 
Heide Stefanyshyn-Piper 
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4.0 Executive Summary 
In the performance of EVA by that National Aeronautics and Space Administration (NASA) 
astronauts, there exists a risk of DCS as the suit pressure is reduced to 4.3 pounds per square 
inch, absolute (psia) from the International Space Station (ISS) pressure of 14.7 psia. Several 
DCS-preventive procedures have been developed and implemented.  Each of these procedures 
involve the use of oxygen (O2) prebreathe to effectively washout tissue nitrogen (N2).  One of 
these procedures, the Campout PB protocol, has existed for many years as a possible method for 
N2 reduction prior to EVA, but has never been used on-orbit. There is limited ground-based 
testing to validate in comparison to the Exercise PB Protocol currently used on the ISS. It is 
based, however, on the 10.2 psia protocol that has been successfully used for most of the EVAs 
performed from the Space Shuttle airlock.  Because the Campout protocol has some day-of-EVA 
time saving advantages, and a low predicted DCS risk, some future ISS assembly crews and 
flight control teams would like to have the option of using it nominally (routinely) prior to EVA.  
The management of the ISS Programs convened an expert independent review team (herein 
referred to as the Team) to conduct an independent review of the DCS risks associated with the 
EVA Campout PB protocol for its consideration for use on future ISS missions. 
 
At the request of the NESC, the peer review Team convened on June 29, 2005. The major 
findings and recommendations of the expert panel are as follows: 

1. There is no direct experimental data to confirm the potential DCS risks of the Campout PB 
protocol. However, based on model data, statistical probability, physiology, and information 
derived from similar PB protocols, there is no compelling evidence to suggest that the 
Campout PB protocol is less safe than the other NASA approved PB protocols.  

2. The Team recommends that Campout PB protocol be accepted for use in “nominal 
operations”. 

3. The Team agrees that the way in which the PB protocols are listed in the proposed JSC Flight 
Rule represents an ordering, in decreasing rank of pedigree based on the reliability of 
experimental data, and recommends that this ordering be retained, in order that imperatives 
favoring Campout can be appropriately balanced against potential risks.  

4. The Team recommends that the order of the last two sentences of the proposed flight rule 
regarding Campout be reversed and modified into a single sentence so that the final portion 
of the flight rule reads: 
“3. Campout PB Protocol Rationale: Model predictions and similarity to the Shuttle 10.2 psia 
staged-protocol show this to be an acceptable protocol, but with some increased risk, and greater 
uncertainty, compared to the Exercise PB Protocol.  This protocol was designed to be more 
conservative (as analytically determined) than the currently published shuttle 10.2 psia prebreathe 
protocol, although it has no direct laboratory testing, suited vacuum chamber or direct on-orbit 
experience.   (Ref. A13-103, EVA Prebreathe Protocol).” 
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5.0 Consultation Plan 
A Charter established the ISS Campout EVA PB Protocol Review within the NESC.  It defined 
the mission, responsibilities, membership, and conduct of operations for this consultation.  This 
consultation was initiated out-of-board by the authority of the NESC Director, Ralph Roe.  
NESC provides independent oversight for the Agency as part of the Human Space Flight 
Operations SPRT.  The objective of this consultation was to review the physiological, modeling 
and operations data related to ISS Campout PB Protocol DCS risk and to assess the 
appropriateness of the proposed JSC flight rules regarding the use of the Campout PB protocol. 
Specific questions were posed to the review Team in the Charge, with the findings and 
recommendations to be documented in a written report and out-briefed to the NRB and identified 
stakeholders.   
 
The initiator was Mr. Phil Engelauf, Deputy Chief, Flight Director Office.  Dr. Mike Duncan is 
the Human Space Flight Operations SPRT Lead (non-voting).  Dr. J.D. Polk is the Deputy Lead 
(non-voting).  Dr. Caroline Fife from the University of Texas Health Science Center, Houston 
was tasked with assembling the independent voting members of the Team, identified in Section 
3.0.  The Lead and Deputy Lead identified the critical areas of information necessary for the 
Team briefing, and assembled the presenters.  Informational materials were circulated to the 
voting and non-voting members prior to the meeting date.  
 
Presentations were made during a convened meeting on June 29, 2005, at the Center for 
Advanced Space Studies in Houston, Texas, to educate the review Team about the background of 
PB protocol development, physiology of altitude DCS, statistical methods for development and 
analysis such as modeling, the specific details of the various PB protocols, and some aspects of 
operations which are pertinent to this review (e.g., available equipment, physical limitations, 
anticipated numbers of EVA, CUFF protocols, etc.).  Presenters included Dr. Mike Duncan who 
presented the Charge; Mr. John Curry, Flight Directors Perspective; Ms. Laura Moore, Campout 
Operational Drivers; Dr. Mike Gernhardt, PB Protocol Development; Dr. Joe Dervay, Campout 
Details; Dr. Johnny Conkin, Modeling Methods; and Dr. Dan Fitzpatrick and Dr. Dervay, 
Discussion of the draft Flight Rule.  After the Charge was reviewed by Dr. Duncan, the Team 
was allowed to deliberate privately with the input of the non-voting members, Drs. Polk and 
Duncan, under the supervision of Mr. Jerry Ross, NESC Chief Astronaut.  The EVA Integrated 
Product Team (IPT) presenters remained available during Team deliberations to answer the 
questions which arose.  
 
Analysis Techniques Used 
The Team consisted of six voting members (B. Butler, C. Contant, C. Fife, P. Sheffield, R. 
Moon, and K. Van Meter), and two non-voting members (M. Duncan and J. Polk).  The process 
was observed by Mr. Ross from the SPRT and Mr. John Herrington (astronaut) representing 
S&MA.  Following the modeling data presentations, PB protocol information, and other 



 

NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0 

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

8 of 169 

 

NESC Request No. 05-032-E 

pertinent information, the Team deliberated for approximately four hours.  It was determined that 
further data analysis by Drs. Gernhardt and Conkin would be useful to help the Team determine 
the DCS risk of Campout (see “Summary of Modeling Results using the test results of Phase IV 
as the basis for extrapolation to the ISS Campout protocol,” in Section 6.3 and Appendix B).  
The results of this analysis were e-mailed to the Team.  Deliberations continued via two 
telephone conference calls held on July 1 and 4, 2005.  Dr. Gernhardt answered further questions 
regarding modeling calculations during the July 4th conference call of the voting members.  
After questions of all members were answered, Dr. Gernhardt left the call and the Team 
continued its deliberations.  After extensive, detailed discussion, the Team unanimously agreed 
on its recommendations.  A draft report prepared by Dr. Fife was circulated via e-mail on July 4, 
2005.  Between July 4 and 8, 2005, revisions were offered by the Team members and collated by 
Dr. Fife.  Drs. Duncan and Polk and Mr. Ross reviewed the report with regard to the accuracy of 
the background information and the NASA procedural details.  The final report was submitted to 
the NRB for approval on July 8, 2005. 
 
The analysis performed by Drs. Conkin and Gernhardt are detailed in the appended documents. 
To estimate the DCS risk of the Campout PB, standard calculations utilizing a published model 
were used to create an “effective R-value” for N2 elimination from tissues based on a 360-minute 
tissue tension.  An inert gas kinetic model was then utilized to take into account the overnight 
PB.  Finally, a published logistic regression model was utilized to account for the microgravity 
simulation.  The limitations of this method are discussed briefly in Section 6.3, and provided in 
detail in Appendix C.  The Team reviewed this data with Dr. Gernhardt via phone after 
reviewing his written report.  Other data regarding modeling was presented to the Team by  
Drs. Conkin and Gernhardt during the June 29, 2005 meeting and handouts from these 
presentations are also attached.  Dr. Contant from the review Team offered further general 
information regarding the use of modeling in other areas of medicine and physiology to provide 
a context for these techniques. 
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6.0 Description of the Problem, Proposed Solutions, and Risk Assessment  
 
6.1 Problem 

The current Campout PB protocol does not have specific ground-based testing to determine its 
DCS risk and therefore, safety, for use as a nominal PB procedure for the ISS EVA. It has been 
designated as acceptable based on its similarity to the 10.2 psia staged PB protocol used 
successfully for the Space Shuttle EVAs.  An independent safety assessment was requested.  The 
following is an analysis of factors contributing to this problem, the analysis of the data, and the 
proposed solutions. 
 
Stakeholders 
There were four stakeholder groups represented by the individuals present at the review Team 
meeting. The viewpoints of each group are summarized as follows: 

 

1. The Astronaut Viewpoint:   

The astronauts who spoke at the meeting perceive certain benefits to having Campout PB 
available as a nominal procedure. Their position indicates that Campout PB: 

a. Would simplify PB when the mission parameters are particularly demanding, 
complex, or time-consuming, especially when back-to-back EVAs are scheduled. 

b. Would provide a further option for PB if contingencies arise. 

c. Would have day-of-EVA time saving advantages.  

d. Discussion should focus on “acceptable risk” rather than a direct comparison of DCS 
risk between, for example, the Exercise Protocol and Campout Protocol. 

2. The Flight Controllers and Directors Viewpoint: 

a. The Flight Director’s perspective is that many EVAs have been performed on the 
Space Shuttle utilizing the 10.2 psia staged decompression protocol, all without 
problems. 

b. Campout PB would provide potentially significant operational advantages to specific 
upcoming missions, for example, missions which may require back-to-back EVAs by 
reducing the total hours in the “work day”. 

3. Medical Operations Viewpoint: 
a. Primary interest is in safety of all aspects of operations. 
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4. NESC Viewpoint:   
a. Primary goal is assessment of and recommendations for mission safety. 

b. Agree that operational considerations are a component of the evaluation process 

 
6.2 Factors Contributing to the Problem  
 
Unique Physiology 

DCS is a risk which is inherent to significant altitude exposure.  With significant decompression 
exposures of any kind, the risk of DCS can never be reduced to zero.  Unlike compressed air 
diving, with altitude decompression, the fractions of DCS that are serious (neurological or “Type 
II”) is less than 4 percent even on exposures with high decompression stress, with the vast 
majority of altitude DCS cases presenting as “Type I” or “pain only”.  The critical 
methodological difference in altitude exposures (compared to diving operations) is that, as a 
result of PB, a large fraction of body N2 is eliminated prior to decompression.  This has 
significant protective effects on well-perfused tissues such as the brain and spinal cord, thus 
conferring a protective effect from serious DCS.  However, resting (non-exercise) PB reaches 
diminishing returns in the reduction of “pain only” DCS since these symptoms arise from gas 
phase in relatively poorly perfused or “slow” tissues such as tendon and muscle.  Taken as a 
whole, NASA PB tests on humans (including rejected protocols) resulted in a DCS incidence of 
approximately 18 percent, almost all of which were “pain only”.  In subjects demonstrating 
Central Nervous System symptoms, five out of six subjects developing Type II DCS did so with 
protocols in which there was no O2 PB, confirming the protective effect of PB on these critical 
tissues.  Another variable is that the risk of DCS increases with the duration of EVA, so that even 
a relatively high-risk protocol might be tolerated if the EVA is very short. 
 
It is recognized that even if DCS were to develop during EVA, it would likely be Type I (pain 
only), not impact EVA success, and respond completely to O2 on return to the ISS.  Unlike 
diving DCS, greater than 98 percent of altitude symptoms resolve with two hours of ground level 
O2 only.  Data pooled from many sources suggest that if the PB protocol has an incidence of less 
than 15 percent TOTAL DCS, then the likelihood of serious DCS may be immeasurably low.  
However, unlike diving, altitude DCS occurs while the astronaut is performing EVA and thus 
could affect crew safety and mission performance. 
 
The Evolution of PB Testing Methods 
The evolution of the various PB protocols at NASA reflects the progression of decompression 
research from the 1970’s to the present.  The following approaches have been and continue to be 
used:  
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1. Ground-based testing of specific PB periods (with increasing sophistication in the 
simulation of microgravity).  

2. Mathematical modeling based on accumulated data from closely related studies. 

3. Multi-center prospective trials to evaluate specific PB techniques (e.g. “Exercise PB”) 
designed with operational considerations in mind and with carefully defined a priori 
accept/reject criteria. 

 
For example, Dr. James Waligora tested many PB protocols (3, 3.5, 4 hours) in which the DCS 
incidence ranged from 20-36 percent.  Exercise simulated the arm movement of the crank on the 
Shuttle payload doors and other Shuttle contingency tasks.  In testing the four-hour “In-suit” PB 
protocol and the one-hour 10.2 psia “staged decompression,” specific “R” values were identified 
for acceptable tissue tensions, and “reject” criteria were identified (“Grade 3 DCS, any Type II, 
pain limiting performance, etc.”).  In the 10.2 psia staged decompression PB ground-based tests, 
a DCS incidence of 23 percent was observed.  To date, there have been 143 EVAs using 
protocols based on this R value with no reported cases of DCS during EVA.  
 
In the late 1990’s, the EVA requirements for ISS necessitated PB protocols which were more 
time efficient.  Other operational disadvantages of the 10.2 psia staged decompression for ISS 
included the necessity of isolating the EVA crew overnight, O2 mask time, logistics, high O2 use, 
risk of elevated O2 levels in the ISS due to mask leak, the untested nature of the relatively “short” 
overnight depressurization compared with the Shuttle experience, and the unknown effect of 
sleep on off-gassing. These issues drove the development of the “Exercise PB” protocol.  The 
long range goals of this project were not limited to PB development alone and included:  
 

1. The testing and implementation of a two-hour PB protocol for EVA from ISS by 1999. 

2. Transforming “the EVA culture” to more of a “diving environment” mentality with: 

a. A clear DCS disposition policy (thus eliminating disincentives to reporting 
symptoms). 

b. Improved DCS treatment protocols. 

c. Defining “Acceptable DCS risk,” a concept well entrenched in the diving community. 
 
Research which enabled this program to proceed included the recognition that ground-based 
microgravity simulation (no ambulation or adynamia) was an important experimental variable, 
and the discovery that exercise significantly enhances N2 off-gassing (e.g.10 minutes exercise at 
75 percent oxygen intake (VO2) peak during a one hour PB protocol was equivalent to four-hour 
resting O2 PB).  However, studies had to be done to define whether vigorous exercise might 
counteract the effect of microgravity.  The initial part of the five-year research program was to 
establish a definition for “acceptable DCS risk”, which had not been determined up to that time. 
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The long range concept has always been to develop a “family” of PB protocols which would 
allow flexibility similar to that used in diving.  The definition of “acceptable risk” involved 
identifying on-orbit DCS treatment capability, the development of a “cuff checklist” (attached to 
the cuff of the arm during EVA which specifies a sequence of actions in the event of symptoms), 
and contingency planning.  
 
Acceptable risk in PB protocol development was ultimately defined by the following parameters:  
 
The highest DCS risk consistent with a 95 percent probability that two of three members would 
always be available for EVA was 21 percent, and that during testing, DCS and grade IV venous 
gas emboli (VGE) incidence would be below the threshold for any reported case of Type II DCS.   
 
Acceptable DCS risk was further reduced to account for possible delay to re-pressurization, long-
term health risks and other factors.  Subsequently, the first multi-center trial was developed with 
peer review of the research trial design.  The criteria established in testing protocols for ISS were 
NOT applied to the Shuttle PB protocols.  The limit for this trial was a DCS incidence of less 
than 15 percent at 95 percent Confidence Limit (CL), and Grade 4 VGE less than or equal to 20 
percent at 95 percent CL.  These limits were more conservative than any previous EVA PB trial.  
It is noted in retrospect that the 10.2 psia staged PB was accepted at a higher rate of DCS in 
ground-based testing than would be accepted if the studies were done today to current 
requirements (e.g. adynamia).  
 
There are numerous factors which result in an “operational safety margin”: 

1. Crews never do less than the required PB time (tasks often take longer than expected to 
complete). 

2. Physical activity of orbiting crew members are higher than resting subjects in ground-
based tests which further enhances N2 elimination. 

3. Increased activity of tasks, such as moving hoses are not accounted for in trials or 
models. 

4. Suit purge increases time of PB. 
 
It is important to note the difference in DCS incidence between ground-based trials and EVA 
experience.  The incidence of DCS in Shuttle ground-based trials was 22.8 percent (8/35) with 
0/143 incidence during EVA.  The difference between the incidence of DCS observed in Shuttle 
ground-based trials and the zero incidence during EVA may be accounted for by a number of 
factors: possible reduction in bubble “micronuclei” due to microgravity, the prolonged time of 
depressurization, and the long time of O2 purge in the suit.  Analysis of the 95 percent Bayesian 
CLs for the risk differences suggest that the Shuttle ground simulation over estimates the DCS 
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risk in EVA, while ISS ground EVA simulation provide an accurate prediction of DCS risk (it is 
possible that the risk of DCS in ISS ground-based trials and EVA are the same). The better 
correlation between ISS ground-based trials and predicted DCS risk during EVA may be due to 
better ground-based trial design. 
 
Modeling Data 
The modeling techniques used to assist in the development of the PB protocols are well known in 
medicine and physiology having been used to develop, for example, the cardiac risk score from 
the Framingham Study data, as well as in pharmaceutical trials, the techniques of which are 
accepted by the Food and Drug Administration.  It is important to note that, utilizing modeling 
techniques, the risk of DCS is almost the same for all the PB protocols (including Campout PB), 
and the confidence intervals overlap. There is a tendency to rank the risks within “acceptable 
risks” even when the differences are small.  Given the overlapping confidence intervals, it may 
be impossible to detect a real difference in risk between the PB protocols, based on modeling.  
 
The Development of the ISS Campout PB Protocol 
The Space Shuttle 10.2 psia staged PB protocol was accepted in 1982 based on 35 tests at JSC 
with a 23 percent DCS incidence (all Type I).  Post Challenger, this PB was amended to improve 
N2 washout by either extending the stay at 10.2 psia from 12 to 24 hours, or increasing the final 
O2 PB from 40 to 75 minutes.  There was no direct testing of the protocol after these changes, but 
based on model analysis, the risk of DCS was estimated at approximately 24 percent with a 5 
percent risk of EVA termination.  In 1991, an option was added to allow the deletion of the first 
hour of mask PB when the stay at 10.2 psia was longer than 36 hours.  This option was accepted 
based on analysis and expert consultation, without direct testing, and has a highly successful 
record, with no cases of DCS.  
 
In 1995, the Campout PB protocol was developed which required a 60-minute initial PB prior to 
mask doffing at 10.2 psia, a 10-hour air lock stay at 10.2 psia, a minimum of 60 minutes of O2 
via mask during the waste management break at 14.7 psia, and a minimum of 60 minutes of 
additional O2 via mask at 10.2 psia prior to suit donning, followed by 30 minutes of final in-suit 
PB.  The protocol was approved by similarity to the Shuttle 10.2 psia protocol.  Approval was 
concurred by Medical Operations and the Space and Life Sciences Directorate.  The approval 
memorandum recognized that these procedures were still in development and anticipated the 
possibility of further conservative trades of time at 10.2 psia for additional O2 time on the mask.  
In 1999, there were some changes in the protocol due to a slower airlock depress time than 
anticipated.  The result was an increase of 20 minutes in the total O2 time on the mask, and a 
decrease in the time at 10.2 psia by 1 hour and 20 minutes.  These changes were approved by the 
Bioastronautics EVA IPT and forwarded to the Office of Space Medicine for concurrence.  
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There are precedents for using modeling to create PB protocols in the absence of ground-based 
testing.  There have been “one off” missions during the Shuttle-MIR program which required 
special PB protocols and models to account for stack pressures greater than the normal 10.2 psia 
staged protocol.  These protocols were developed with conservative assumptions and used in 
flight operations without direct ground-based tests. The highly successful 10.2 psia procedure 
used in Shuttle was altered from its original based on modeling to increase its safety factor.  It is 
also important to note that while there has been no specific ground-based testing of Campout PB, 
Phase IV of the Exercise PB study was a 2-hour PB with 95 minutes of light exercise, and a 30 
minute suit donning period at 10.2 psia and 26.5 percent O2.  This ground-based test of Phase IV 
is nearly identical to the day-of-EVA Campout PB procedure, which has the same amount of O2 
PB, and the same or slightly more metabolic activity during O2 PB.  For this reason, Phase IV 
could be considered ground-based data similar to that of Campout PB.  The Phase IV ground 
trials resulted in 14 percent DCS in 57 subjects. Whereas the results did not quite meet the DCS 
accept criteria for ISS EVAs, they were lower than the ground tests of the Shuttle 10.2 psia 
staged protocol.  Additionally, the Campout PB protocol has an extra hour of O2 PB, and 8 hours 
and 40 minutes overnight campout at 10.2 psia. 
 
While similar, the Campout PB for ISS differs from the 10.2 psia staged PB used on the Shuttle 
in the following ways: 

1. Campout PB has shorter time at 10.2 psia, i.e., 8.0 hours for sleep compared to the 12.0 
hour minimum required for the Shuttle (13.5 hours is the shortest duration experienced at 
10.2 psia with Shuttle, with 40.0 hours being the average).  

2. The mask time for Campout PB has been increased from 1 hour to 2 hours and 10 
minutes to compensate for the decreased time at 10.2 psia. 

3. On ISS, 60 percent of the time at 10.2 psia is spent sleeping (compared to 30 percent in 
Shuttle), with an anticipated subsequent decrease in metabolic rate, the effects of which 
are not known. 

An important point is that the 10.2 psia staged PB protocol is the best available procedure for the 
Space Shuttle EVA, and the Campout PB was designed to be “analytically more conservative,” 
even though there is no ground-based testing for validation. 
 
Issues Relating to the Flight Rule 

For nominal EVAs (nominal is defined as routine, scheduled EVA), there are currently four PB 
protocols certified for use, of which three may be used on ISS: 

1. 10.2 psia staged PB (used only for Space Shuttle EVAs). 

2. 4-hour “In-suit” PB (Shuttle or ISS). 
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3. Cycle Ergometer with Vibration Isolation System (CEVIS) Exercise PB (only ISS due to 
equipment requirements). 

4. ISS Campout PB (ISS). 

A protocol exists for “contingency” EVA (EVAs required to effect the safety of vehicle and 
crew).  One of the above PB protocols would be used if time allows.  If time does not allow, a 
minimum of 2.5 hours of unbroken PB with greater than 95 percent O2 is recommended at a 
vehicle pressure less than 12.5 psia. It is estimated that this would reduce the risk of 
incapacitating DCS to less than 50 percent for an EVA of up to six hours in duration. 
Contingency EVA requires consultation with the Flight Surgeon.  
 
The final proposed version of the flight rule was achieved on April 14, 2004, through consensus 
of the Bioastronautics EVA IPT, representatives of the Flight Directors Office, Astronaut Office, 
and EVA Office.  There was concurrence by the Medical Operations, the Space Medicine 
Configuration Control Board, and the Director, Space and Life Sciences. 
 

Final Version, endorsed at MEDOPS meeting (April 14, 2004)  
“THE EXERCISE PREBREATHE (PB) PROTOCOL, 4 HOUR IN-SUIT 
PROTOCOL, AND CAMPOUT PB PROTOCOL, ARE ALL 
ACCEPTABLE FOR USE ON ISS WITH VARYING DEGREES OF DCS 
RISK UNCERTAINTY. THE SELECTION OF A PB PROTOCOL FOR 
A GIVEN EVA WILL DEPEND ON THE INTEGRATED MISSION 
OBJECTIVES, DECOMPRESSION SICKNESS (DCS) RISK, CREW 
TIMELINE, AND OVERALL OPERATIONAL RISKS. 
The PB protocol selected for a given EVA event should consider all the factors affecting 
risk to the crew and mission. Predicted risk of DCS, procedural risk due to timeline 
complexity or fatigue, and criticality of completing the EVA tasks within a specified 
timeframe are all factors that must be weighed.   

The PB protocols are ranked according to their pedigree based on laboratory 
testing, on-orbit and suited vacuum chamber experience, and model predictions. 

1. Exercise PB Protocol Rationale:  The Exercise PB protocol meets the current 
DCS acceptance criteria, is the most rigorously laboratory tested, and the protocol with 
the lowest predicted risk of DCS.  (This acceptable risk was defined in the NASA DCS 
Risk Definition & Contingency Plan, 1998, (total DCS < 15 percent at 95 percent 
Confidence Limit (CL), < 20 percent Grade 4 VGE at 95 percent CL, No Type II (Serious) 
DCS).   

2. 4 hr In-Suit PB Protocol Rationale: The 4 Hr In-suit PB protocol has been 
extensively used on ground suited vacuum chamber exposures (> 300 exposures), with 
acceptable DCS risk (< 1.5 percent total DCS observed, no Type II).  However, it has not 
undergone the same level of laboratory testing as the Exercise PB.  

3. Campout PB Protocol Rationale: Model predictions and similarity to the 
Shuttle 10.2 psi staged-protocol show this to be an acceptable protocol, but with some 
increased risk, and greater uncertainty, compared to the Exercise PB Protocol. There is no 
direct laboratory testing, suited vacuum chamber, or direct on-orbit experience with the 
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Campout protocol.  However, this protocol was designed to be more conservative (as 
analytically determined) than the currently published shuttle 10.2 prebreathe protocol.  
(Ref. A13-103, EVA Prebreathe Protocol)”. 

 
Choice of PB Protocol 
As currently proposed, the JSC Flight Rule is structured to recommend “CEVIS” (Exercise PB) 
since the amount of ground-based testing on which it is established is the most comprehensive of 
all the protocols.  However, the Flight Director is given the option of choosing other PB 
protocols.  When making a decision about which PB protocol to use, the Mission Operations 
Directorate considers crew safety (i.e., DCS prevention, fatigue, day length), supply of 
consumables (O2, Carbon Dioxide (CO2) scrubbing), and operations (timeline, length of EVA, 
protocol complexity, mission objectives, urgency of EVA).  It is anticipated that Campout PB 
would not be the first choice of most crews due to the long mask time and the logistical problems 
associated with overnight isolation.  Since the benefit of Campout PB is lost if the 
depressurization is not begun on time, the crew still has the option of performing the Exercise 
PB.  
 
For most EVAs, the Exercise PB is likely to be the one most commonly used.  However, in 
recent ISS history, since the loss of Columbia, there are frequently only two crew members on 
the ISS.  Under these conditions, if EVA is necessary, the four-hour PB is currently designated 
as the PB protocol of choice because it is less complex to perform with limited crew.  Therefore, 
there is a precedent for choosing a PB protocol other than Exercise PB, based on operational 
considerations.  In addition, there are up to 21 potential single point failures with either the 
CEVIS, the PB hose assembly, or the 10.2 psia depress infrastructure that could result in the 
need for an alternative protocol.  
 
The proposed flight rule is written to imply an ordering of PB protocols, in descending order 
with regard to pedigree (based on laboratory testing, on-orbit and suited vacuum chamber 
experience, and model predictions) as follows: 

1. Exercise PB 

2. In-suit PB 

3. Campout PB 

 
General Comments by the Team 
1. The Team wishes to emphasize that the risk of DCS cannot be reduced to zero, 

irrespective of the decompression PB protocol. 

2. It is likely that given a sufficient number of EVAs, DCS will be observed.  This will not 
mean that the PB protocol has failed.  The observance of DCS during EVA will allow an 
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actual incidence to be determined for the PB protocol, and further refinement can be done 
if needed. 

3. Prediction of DCS probability in space is a “rare event process”.  As a result, calculation 
of an actual risk for EVA cannot be done until there is a case of DCS during EVA, and 
many EVAs may be performed before that occurs.  Until that time, all DCS risk 
calculations are extrapolations from available data.  

4. Modeling is a well-accepted method of studying complex processes such as DCS, and the 
review Team is comfortable accepting modeling data. 

5. Despite the fact that the Team is comfortable with modeling, the Team wishes to 
emphasize that it would be unwise to absolute rank a PB protocol without specific 
ground-based testing above those protocols where such data exist.  

6. The Team recognizes that there is some degree of uncertainty (the risk of “not knowing”) 
as a result of not having ground-based data that exactly simulate the Campout PB 
protocol.  

 
6.3 Proposed Solutions 
The review Team requested Dr. Gernhardt use the Exercise PB Phase IV data and model an 
eight-hour 10.2 psia pre-exposure to provide the Team with further information on the relative 
risk of DCS with Campout PB.  The results of this analysis follow. 
 
Summary of Modeling Results using the Test Results of Exercise PB Phase IV as the Basis 
for Extrapolation to the ISS Campout PB Protocol 
The Phase IV ground test had 57 non-ambulatory subjects who performed an 80-minute O2 PB, 
spent 30 minutes at 10.2 psia/26.5 percent O2, repressed to 14.7 psia on 100 percent O2 and 
performed an additional 40 minutes of O2 PB.  During this time, they performed 95 minutes of 
light activity at 5.8 ml/kg-min O2 consumption. Total O2 PB time was 120 minutes. 
 
For Campout PB, on the day-of-EVA, starting with the 70-minute hygiene break, the astronauts 
will perform 70 minutes of O2 breathing and 30-60 minutes at 10.2 psia/26.5 percent O2. After 
donning the suits, they will repress to 14.7 psia on 100 percent O2 and perform 50 minutes of in-
suit 100 percent O2 PB. The similarities of the Campout PB procedure to “Phase IV” are: 

1. Astronauts perform exactly the same light activity tasks that were modeled in Phase IV 
(airlock prep, donning the biomed and liquid cooling garment, donning the lower torso 
assembly). 

2. Astronauts will have an equal 120 minutes of O2 PB (70 minutes before the depress 
versus 80 minutes for Phase IV, and 50 minutes in the suit versus 40 minutes for Phase 
IV). 
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3. Astronauts will perform the same 95 minutes of light activity, plus some additional light 
activity at some uncharacterized rate (between 3.6-5.8 ml/kg-min). 

Differences are: 

1. Astronauts perform some additional light activity during their translation to and from the 
waste management compartment.  

2. Astronauts will spend a slightly longer time at 10.2 psia (approximately 60 versus 30 
minutes for Phase IV). 

 
These differences should, if anything, result in increased N2 off-gassing for the Campout PB, 
compared to the ground-based tests of Phase IV. 
 
Model Extrapolations and Risk Assessment 
In Phase IV there were 8/57 subjects with DCS (14 percent).  The model approach was to 
calculate the equivalent Tissue Ratio (TR) based on a 14 percent DCS incidence associated with 
the NASA ground database of resting PB in subjects who ambulated and performed EVA 
simulation exercise at altitude.  A range of equivalent R-values were calculated based on the 
relationship between the probability of DCS in this subject group and the TR in the 360-minute 
halftime tissue (Historical TR curve), and based on the following assumptions: 

1. Most conservative - assumed that the “true” decompression stress from Phase IV would 
be the upper 95 percent confidence level of the observations of 14 percent DCS in 57 
subjects. That would result in 23.9 percent DCS.  The 23.9 percent DCS was reflected 
onto the historical TR curve, to select an effective R-value for the Phase IV exposure. 

2. Moderately Conservative - assumed that the “true risk” of Phase IV was 14 percent DCS, 
but then selected the upper 95 percent CL from the historical TR curve. 

3. Least Conservative - used the 14 percent risk from Phase IV as the true risk, and 
combined that with the best estimate of the historical TR curve to develop the least 
conservative value of the effective R-value associated with the Phase IV test. 

 
The effective R-values derived were then reduced based on the standard exponential inert gas 
exchange model ― accounting for the additional one-hour O2 PB the night before, and the eight 
hours and 40 minutes exposure at 10.2 psia/26.5 percent O2.  These tissue tensions were then run 
through the logistic regression model that includes the micro-gravity simulation.  The resulting 
best estimate predictions of DCS range from 6.1 to 7.4 percent with the 95 percent confidence 
interval from 2.9 to 14.3 percent.  This falls within the DCS accept limit of DCS less than or 
equal to 15 percent at 95 percent CLs. 
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Limitations of this Approach 
There are numerous limitations to this approach, including combining several different models. 
Additionally, this approach causes calculations to be done “backwards”, beginning with the 
Phase IV exposure and then adding the one-hour of O2 PB and the overnight campout.  This 
conservative approach would have the effect of negating the advantage of the 10.2 psia overnight 
Campout, as the theoretical tissue tensions would be equivalent or less than the N2 partial 
pressure at 10.2 psia.  On-orbit, the order of exposure would be reversed.  
  
To summarize, since a conventional R-value does not apply due to the fact that N2 elimination is 
being enhanced by increased metabolic activity, an effective R-value must be created.  This is a 
standard mathematical calculation utilizing a published model. Then, to take into account the PB 
from the night before, the 360-minute tissue tension was adjusted with a standard inert gas 
kinetic model.  Lastly, a published logistic regression model was utilized to account for the 
microgravity simulation.  The final result predicts a slightly higher risk than a simple logistic 
regression of the Campout PB protocol alone.  This slight increase in calculated risk is likely due 
to a number of factors including: the “reverse order” of the way the conditions were presented in 
the calculations, and the fact that the Exercise PB Phase IV ended with a cluster of several cases 
of DCS which caused the trial to be stopped.  Since DCS incidents fluctuate during a trial, the 
true risk might have been lower if the trial had continued. Further possible protective effects of 
the Campout PB, when compared to Phase IV, are the repressurizations to 14.7 psia for the 
hygiene break and the suit O2 breathing.  During ground-based trials, which did NOT involve PB 
prior to the depress to 10.2 psia, there was an almost immediate onset of VGE on depressing 
from 10.2 psia to 4.7 psia.  This suggests that there was some gas phase that had occurred at 10.2 
psia which may have allowed bubble growth on further depress in the absence of O2 PB.  
However, with Campout PB, there is the possible protective effect of two repressurizations 
which may resolve any gas phase having developed from the 10.2 psia depress. 
  
Answers to the “Charge”:  
1. Is the ISS EVA Campout PB protocol acceptable for use in nominal operations?   
 

The Team considered the available ground testing data, modeling, and the 
similarity/applicability to the Shuttle 10.2 psia protocol with its associated ground 
validation, modeling, and flight experience. Additional modeling data provided by Dr. 
Gernhardt was reviewed.  It is the opinion of the Team that Campout PB can be used for 
nominal operations.  The proposed flight rule is written to imply an ordering of PB 
protocols, in descending order with regard to pedigree. The listing of the PB protocols in 
the JSC Flight Rule should be maintained to provide an ordered preference so that DCS 
risk considerations can be balanced against other operational considerations.  
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2. If the answer to the question in #1 is no, then is there a set of limited or restricted 
circumstances or off-nominal operations where the EVA Campout prebreathe protocol 
would be considered acceptable?  In these circumstances, balancing risk across all ISS 
operations, including timeline, would need to be considered by the flight control team in 
deciding when to use the EVA Campout PB protocol. 

 
See answer #1 above. 

 
3. If the answer to the question in #1 is yes, then is it of equal risk when compared to the 

exercise that the PB protocol or the four-hour in-suit PB protocol?    
 

The Team considered the available ground testing data, modeling, and flight experience 
of the various PB protocols.  The Team is not able to determine the actual DCS risk of 
Campout PB due to the lack of either ground-based trials or on-orbit data.  Extrapolations 
from Exercise PB Phase IV data using modeling suggest that the risk of DCS with 
Campout PB is no greater than the four-hour PB.  Campout PB has slightly greater risk 
and uncertainty than the Exercise PB, although the DCS risk predictions are still within 
acceptable limits based on model extrapolations.  

 
4.  If the answer to the question in #3 is no, then is the proposed flight rule an acceptable 

approach to aide the selection between the available PB protocols and balancing the risk 
of overall operations?   

Yes.  See the final recommendations in Section 8.2.  
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7.0 Data Analysis  

Information contained in the following documents was reviewed, either at the June 29, 2005 
meeting, or during subsequent conference calls with the Team. 
 

1. “Acceptability of Campout Prebreathe Protocol for ISS EVA Operations,” Joe Dervay, 
MD. 

2. “Overview of Shuttle and ISS Exercise Prebreathe Protocols and ISS protocol 
Accept/Reject Limits,” Mike Gernhardt, PhD. 

3. “Notes and Analysis of NASA Shuttle and ISS Prebreathe Options with Special 
Reference to ‘Campout’ Prebreathe,” Johnny Conkin, PhD (03/18/05). 

4. “Summary of Modeling Results Using the Test Results of Phase IV as the Basis for 
Extrapolation to the ISS Campout Protocol,” Mike Gernhardt, PhD. 

5. Data from Ground-Based Trials, Modeling, and EVAs from Shuttle and ISS were 
carefully reviewed by the Team.  
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8.0 Findings, Root Causes, Observations, and Recommendations 

8.1 Findings 

F-1. There is no experimental evidence to confirm the modeling predictions regarding DCS 
using the Campout PB protocol.  Based on model data, statistical probability, physiology, 
and information derived from similar PB protocols, it is reasonable to believe that the 
Campout PB protocol poses no greater risk than any other accepted PB protocol.  There is 
a greater degree of uncertainty with regard to Campout because the probability of DCS 
has been estimated using modeling. 

F-2. The way in which the PB protocols are listed in the proposed flight rule implies an 
ordering, in decreasing order of pedigree based on the reliability of experimental data, 
and recommends that this ordering be retained. 

F-3. All currently accepted PB protocols have significant disadvantages: 

a. All are relatively complex and require complicated infrastructure with many 
possible point failures. 

b. No matter which PB protocol is chosen, even if all were known to be equally safe, 
each has a different set of advantages and disadvantages in actual use. 

F-4. The development of PB protocols has evolved over time: 

a. “Accept/Reject” criteria used for new protocols are stricter than criteria applied in 
the past. 

b. Modeling provides useful information regarding PB protocol development but 
cannot replace human ground-based trials. 

 
8.2 Recommendations 
R-1. The Campout PB protocol should be accepted for use in “nominal operations”.  

R-2. The final sentence of the proposed flight rule pertaining to Campout PB protocol, which 
currently reads: “ . . . this protocol was designed to be more conservative (as 
analytically determined) than the currently published shuttle 10.2 psia prebreathe 
protocol.” should be changed to state, “ . . . this protocol was designed to be more 
conservative (as analytically determined) than the currently published shuttle 10.2 psia 
prebreathe protocol, although it has no direct laboratory testing, suited vacuum 
chamber or direct on-orbit experience.” 

R-3. Continued research in PB protocol development is necessary, for the purpose of 
increasing safety as well as simplicity. 

R-4. Future PB protocols should be created based on prospective, operationally relevant 
ground-based trials, rather than on model data or similarity to prior PB protocols. 
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9.0 Lessons Learned 
   
1. All currently accepted PB protocols have significant disadvantages: 

a. All are relatively complex and require complicated infrastructure with many 
possible point failures. 

b. No matter which PB protocol is chosen, even if all were known to be equally safe, 
each has a different set of advantages and disadvantages in actual use. 

 
2. The development of PB protocols has evolved over time: 

a. “Accept/Reject” criteria used for new protocols are stricter than criteria applied in 
the past. 

b. Modeling provides useful information regarding PB protocol development but 
cannot replace human ground-based trials. 

 
3. Continued research in PB protocol development is necessary, for the purpose of 

increasing safety as well as simplicity  
 
4. Future PB protocols should be created based on prospective, operationally relevant 

ground-based trials, rather than on model data or similarity to prior PB protocols. 
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10.0 Definition of Terms 
 
Adynamia Immobility, usually refers to studies in which the subjects are not allowed 

to ambulate in order to simulate microgravity 
 
Corrective Actions Changes to design processes, work instructions, workmanship practices, 

training, inspections, tests, procedures, specifications, drawings, tools, 
equipment, facilities, resources, or material that result in preventing, 
minimizing, or limiting the potential for recurrence of a problem.  

 
Depress  Reduce pressure. 
 
Finding A conclusion based on facts established during the assessment/inspection 

by the investigating authority.  
 
Lessons Learned Knowledge or understanding gained by experience. The experience may 

be positive, as in a successful test or mission, or negative, as in a mishap 
or failure. A lesson must be significant in that it has real or assumed 
impact on operations; valid in that it is factually and technically correct; 
and applicable in that it identifies a specific design, process, or decision 
that reduces or limits the potential for failures and mishaps, or reinforces a 
positive result.  

 
Nominal  Scheduled, routine.  
 
Observation A factor, event, or circumstance identified during the 

assessment/inspection that did not contribute to the problem, but if left 
uncorrected has the potential to cause a mishap, injury, or increase the 
severity should a mishap occur.  

 
Problem The subject of the independent technical assessment/inspection. 
 
Recommendation An action identified by the assessment/inspection team to correct a root 

cause or deficiency identified during the investigation.  The 
recommendations may be used by the responsible C/P/P/O in the 
preparation of a corrective action plan.  

 
Root Cause Along a chain of events leading to a mishap or close call, the first causal 

action or failure to act that could have been controlled systemically either 
by policy/practice/procedure or individual adherence to 
policy/practice/procedure. 
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Type I    Pain only DCS. 
 
Type II   Serious or neurological DCS. 
 
Brief Description of PB Protocols: 
 
10.2 psia Staged PB Requires 60 minutes of O2 breathing the day prior to EVA; followed by a 

minimum of 12 hours at 10.2 psia; and completed with in-suit O2 breathing 
for 40-75 minutes. 

 
4-Hour In-suit PB Requires O2 breathing for four hours in the space suit before EVA. 
 
Exercise PB (CEVIS) Requires 1 hour 20 minute O2 breathing by mask while performing a 

specified exercise regimen, 20-minute depress at 10.2 psia for suit 
donning, and one-hour of O2 in-suit before EVA. 

 
ISS Campout PB Requires one-hour of O2 before depress to 10.2 psia for overnight stay 

(minimum of 8 hours 40 minutes), with O2 by mask during hygiene break 
after repress to 14.7 psia for 1 hour 10 minutes, then depress back to 10.2 
psia with 50 minute O2 breathing in-suit before EVA. 

 
11.0 Minority Report   
 
There were no dissenting opinions on this consultation.  Team Recommendations were 
unanimous. 
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VOLUME II: APPENDICES 
  

A. NESC ITA/I Request Form 
B. “Summary of Modeling Results Using the Test Results of Phase IV as the Basis for 

Extrapolation to the ISS Campout Protocol” 
C.   “Notes and Analysis of NASA Shuttle and ISS Prebreathe Options with Special 

Reference to ‘Campout’ Prebreathe” 
D.   “Acceptability of Campout Prebreathe Protocol for ISS EVA Operations”  
E.   “Overview of Shuttle and ISS Exercise Prebreathe Protocols and ISS protocol 

Accept/Reject Limits” 
F.   EVA Camp-Out Prebreathe Protocol Peer Review Team Charge 
G.   “Estimated Risk of DCS and VGE in ISS Campout Prebreathe” 
H. “EVA Prebreathe Protocol Comparison: Operational Drivers”  
I. List of Acronyms 
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Appendix A.  NESC ITA/I Request Form 
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Appendix B. “Summary of Modeling Results Using the Test Results of Phase 
IV as the Basis for Extrapolation to the ISS Campout Protocol” 

 
Phase IV Protocol vs. Campout 
The phase IV ground test had 57 non ambulatory subjects, who performed a 80 minute 02 
prebreathe, spent 30 minutes at 10.2 psi/26.5% 02, repressed to 14.7 psi on 100% 02 and 
performed an additional 40 minutes of 02 prebreathe. During this time they performed 95 
minutes of light activity at 5.8 ml/kg-min 02 consumption. Total prebreathe time was 120 
minutes, with 30 minutes at 10.2 psi/26.5% 02, and 95 minutes of the light activity (5.8 ml/kg-
min) 
 
For campout, on the day of EVA, starting with the 70 minute hygiene break, the astronauts will 
perform 70 minutes of 02 breathing, 30-60 minutes at 10.2 psi/26.5% 02, after donning the suits 
they will repress to 14.7 psi on 100% 02 and perform 50 minutes of in-suit 100% 02 prebreathe. 
During this time they will perform exactly the same light activity tasks that we modeled in phase 
IV (airlock prep, donning the biomed and liquid cooling garment, donning the lower torso 
assembly). They will perform some additional light activity during their translation to and from 
the waste management compartment. 
 
 They will have an equal 120 minutes of 02 prebreathe (70 minutes before the depress vs. 80 
minutes for phase IV, and 50 minutes in the suit vs. 40 minutes for phase IV), they will spend 
slightly longer time at 10.2 psi (~ 60 minutes vs. 30 minutes for phase IV), and perform the same 
95 minutes of light activity, plus some additional light activity at some uncharacterized rate 
(between 3.6-5.8 ml/kg-min). 
 
Model extrapolations 
 
In phase IV there were 8/57 subjects with DCS or 14% DCS.  The model approach is then to 
calculate the equivalent Tissue Ratio (for 14% DCS) associated with our ground database of 
resting prebreath, ambulatory subjects who ambulated and performed EVA simulation exercise 
at altitude. Figure one below is the relationship between the probability of DCS in this subject 
group and the TR in the 360-minute halftime tissue.  From the relationship in figure one, we 
calculated a range of equivalent r-values for the phase IV exposure based on the following 
assumptions. 
 

1. Most conservative-We assumed that the “true” decompression stress from phase IV 
would be the upper 95% confidence level of the observations of 14% DCS in 57 subjects. 
That would result in 23.9% DCS. We then combined the 23.9% DCS with the upper 95% 
confidence limit of the curve in figure one to select an effective R-value for the phase IV 
exposure. 
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2. Moderately Conservative- We assumed that the “true risk” of phase IV was 14% DCS, 
but then selected the upper 95% confidence limit from the curve on figure one. 

3. Least Conservative- We used the 14% risk from phase IV as the true risk, and combined 
that with the best estimate from figure one, to develop the least conservative value of the 
effective R-value associated with the phase IV test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Relationship between P(DCS) and Tissue ratio in the 360-minute half-time tissue in 
914 NASA and USAF exposures that included ambulation, resting prebreathe and EVA 
simulation exercise at altitude.  
 
The effective r-values derived as described above where then lowered based on the standard 
exponential inert gas exchange model; accounting for the additional one hour O2 prebreathe the 
night before, and the 8 hrs and 40 minutes exposure at 10.2 psi/26.5% O2.  The tissue tensions 
exercise, where they run through the logistic regression model that includes the micro-gravity 
simulation, is shown below: 
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P(DCS) with adynamia and exercise at 4.3 psia 
 ========================================================================= 
 P(DCS)          LOWER 95% CI       UPPER 95% CI      TR360        
 ========================================================================= 
 0.0074456863481  0.0028951044209  0.019012576235  1.2095152468 
 0.009569854824  0.0038539281325  0.023562791164   1.245470814 
 0.01229251892  0.0051178163292  0.029229972148  1.2844362926 
 0.015777452994  0.0067774153735  0.036292339456  1.3266636481 
 0.017558 0.007645 0.039813 1.3457* exercise PB 
 0.020230131567  0.008947077518  0.045094670683  1.3724259387 
 0.025906358984  0.01176949878  0.056060356327  1.4220190808 
 0.0278 0.01268 0.0594 1.4375 campout + 10 min PB 
 0.033121398262  0.015420542196  0.069702209306  1.4757637624 
 0.037689 0.017765 0.076522 1.507 10.2 psia staged 
 0.042258685063  0.0201138959  0.086628787175  1.5340075173 
 0.046635 0.022390 0.094575 1.558 4.0-hr in-suit 
 0.053776499592  0.02610505336  0.10754085187  1.5971269715 
 0.068209976365  0.033693915637  0.13320999454  1.6655302796 
 0.086164597666  0.04322510323  0.16442914152  1.7396597633 
 0.10829605059  0.055084829546  0.20192436324  1.8199947721 
 0.13527054076  0.069692944847  0.24622201923  1.9070547826 
 0.16770027207  0.087488565352  0.29747806034  2.0014027582 
==========================================================================  
* TR360 estimated from separate cuff regression (effective TR) 
 
 

    exp(-1.662 + ln(TR360 – 0.78) * 3.149 – (1.156 * LBA) + (0.586 * EXER) 
P(DCS) = --------------------------------------------------------------------------------------------------- 

[1 + exp(-1.662 + ln(TR360 – 0.78) * 3.149 – (1.156 * LBA) + (0.586 * EXER)] 
 

   estimate  SE p-value 
 
B0 (constant)  -1.662  0.193 <0.01 
B1 [ln(TR360 – 0.78)] 3.149  0.349 <0.01 
B2 (LBA)  -1.156  0.400 <0.01      LBA = 1 for adynamic condition, 0 = ambulation 
B3 (EXER)  0.586  0.222 <0.01 EXER = 1 for exercise at altitude, 0 = no exercise at 
altitude 
 
Regression based on 1,401 records but only 76 records were from tests of adynamia. 
 
Other details available in: Conkin J, Powell MR. Lower body adynamia as a factor to reduce the risk of hypobaric 
decompression sickness.  Aviat Space Environ Med 2001; 72:202-14. 
 
The resulting best estimate predictions of DCS range from 6.1- 7.4% with the 95% confidence 
interval from 2.9 – 14.3 %. This falls with the DCS accept limit of DCS < 15% at 95% c.l 
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Limitations of this approach 

There are numerous limitations to this approach, including combining several different models. 
Additionally with this approach we had to work backwards, starting with the phase IV exposure 
first and then adding one the one hour of 02 prebreathe and the overnight campout, after the 
phase IV exposure.  In reality it would be the other way around.  This approach was similar to 
the method that was used to calculate the predicted risk for the exercise prebreathe protocol 
accounting for the flight factors. For those estimates we assumed the “true risk” of DCS was 
6.5% (upper 95% c.l of 0 DCS/45 subjects).  The difference was that the phase IV exposure was 
then adjusted to a lower tissue tension to account for the initial one hour prebreathe and 
overnight campout (using our standard exponential inert gas elimination mode). 
It occurs to me that we might be overstating the effect of micro gravity simulation with this 
approach. This is because the trial itself had micro gravity simulation and then we used the 
effective R-value from that trial as an input to the logistic regression model that accounts for 
micro gravity simulation.  I am less concerned about that for the exercise protocol because the 
observations themselves were well within the accept criteria, and we assumed that the true risk of 
DCS was 6.5% vs. the observed risk of 0%.  
 
Campout DCS Predictions based on the LLR model of exercise and micro gravity 
simulation 
 
The exercise/micro gravity logistic regression model incorporates all of the data collected during 
the exercise prebreathe studies (table one). 
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Table 1. Prebreathe Reduction Program Summary 
 

Protocol Site1 Exposures Completed DCS Cuff Max Doppler VGE 
    Males Females Total Ambig. Type I Type II 1 2 3 4 0 I II III IV
PRP-I D 18 8 26 0 5 0 4 1 0 0 10 10 2 3 1 
 H 15 6 21 0 4 0 2 2 0 0 14 2 1 3 1 
 C 0 0 0             

Totals   33 14 47 0 9 0 6 3 0 0 24 12 3 6 2 
                    

PRP-II D 12 4 16 0 0 0 0 0 0 0 11 3 1 1 0 
 H 16 6 22 1 0 0 1 0 0 0 18 0 1 3 0 
 C 7 0 7 0 0 0 0 0 0 0 2 1 0 1 3 

Totals   35 10 45 1 0 0 1 0 0 0 31 4 2 5 3 
                    

PRP-III D 7 2 9 0 1 1 2 0 0 1 7 0 1 0 1 
 H 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0 
 C 0 0 0             

Totals   8 2 10 0 1 1 2 0 0 1 8 0 1 0 1 
                     
PRP-IV D 15 3 18 0 0 0 0 0 0 0 12 5 1 0 0 
 H 13 5 18 1 4 0 2 3 0 0 13 0 1 4 0 
 C 17 4 21 2 4 0 1 3 0 0 9 1 0 4 7 

Totals   45 12 57 3 8 0 3 6 0 0 34 6 2 8 7 
                 
PRP-V-1 D 7 3 10 1 3 0 2 2 0 0 4 0 3 1 2 
 H 0 0 0             
 C 0 0 0             

Totals   7 3 10 1 3 0 2 2 0 0 4 0 3 1 2 
                 
PRP-V-2 D 12 2 32 0 0 1 0 0 0 1 0 0 1 0 2 
 H 0 0 0             
 C 0 0 0             

Totals   1 2 3 0 0 1 0 0 0 1 0 0 1 0 2 
                 
PRP-V-3 D 233 5 283 0 3 0 0 3 0 0 12 3 4 7 2 
 H 0 0 0             
 C 15 5 20 0 4 0 1 4 0 0 11 1 0 5 3 

Totals   38 10 48 0 7 0 1 7 0 0 23 4 4 12 5 
 
1 D = Duke; H = Hermann; C = DRDC 
2 A second male (fourth subject) participated in V-2 but had an incomplete study when the trial was ended 

prematurely to manage symptoms of the other subject. He had Grade 1 VGE at trial end (after 2h: 33min at 
altitude). 

3 A male and female subject were excluded due to protocol deviations during prebreathe. 
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Direct measurements of 02 consumption as function of time were made for all of the exercises 
performed on these protocols. The rate constant in the exponential tissue compartment: 
 
P1N2 = P0 + (Pa - P0) * (1 - exp - ki * t )    
 
Ki is then fit to the 02 consumption (mL*kg-1*min-1) using maximum likelihood.(There is a 
detailed draft report available on these methods). The model provides a significant prediction and 
goodness of fit of all of the data in phases 1-V-3 as shown below in figure 2. 
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The following is a breakdown of the campout metabolic profile: 

Likelihood ratio test for improvement:  Log likelihood null model = 61.3 Log 
likelihood NASAEXLR2= 54.6  p value = .001 ( p< .05 is significant) 
** One-Sample χ2 Goodness of fit Test = 6.61 with 4 degrees of freedom and p = 
0.842 ( significance > .05) 
** Hosmer-Lemshow Goodness of fit  statistic = 2.188 with 5 degrees of freedom, p = 
0.82 ( significance > .05) 
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EVENT     TIME  MET (ml/kg/min)   
==================================================================== 
Initial 100% O2 PB   60 min  5.8 
10.2 psia at 7.5 ppN2   520 min 3.2 (based on metabolic measurements 
during sleep) 
Potty break on 100% O2  70  5.8 
Suit don at 7.5 ppN2   60  5.8 
Leak + purge + In-suit PB  67  3.5 
Ascent to 4.3 psia   30  3.5 
 
 
The results of the exercise and micro-gravity LLR model predict a DCS risk of .01% for the 
campout protocol. 
 
Limitations: This model was developed and calibrated using data from 02 prebreathe durations 
that ranged from 2-2.5 hrs, and 10.2 psi exposure durations of 0-30 minutes. For this reason it is 
probably not valid to extrapolate this model to the much longer duration exposures of campout. 
Additionally it should be noted that this model under predicted the risk of DCS in phase V-4 . 
 
Bubble Dynamics Model Predictions: 
 
The Bubble Dynamics Model has been used to develop diving decompression tables that were 
used in the field with very low DCS incidence. The same model with the same parameterization 
provided a significant prediction and goodness of fit of the NASA shuttle prebreathe data as 
shown below. 
 
  Log Likelihood  Improvement p-value        Goodness of fit p- value 

 DCS VGE DCS VGE DCS VGE 
Null -201.46 -306.56     

BGI(480) -190.94 -208.53 0.0000 0.0000 0.512 0.021 

BGI (360) with 
metabolic gases 

-188.78 -272.11 0.0000 0.0000 0.196 0.250 

 
 
The bubble dynamics model is a mechanistic model of the physics of tissue bubble growth and 
has been parameterized using independently measured parameters vs. parameterization using 
statistical optimization techniques.  For this reason it has demonstrated the capability of 
extrapolation across various forms of diving including altitude.  The predictions for the Bubble 
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Growth Index (BGI- instantaneous bubble radius /initial bubble radius) are shown below for: 1). 
The Ground tests of the shuttle 10.2 psi staged protocol, 2).  The ground tests of the 4 hr. 02 
prebreathe, 3). A typical “as flown” shuttle protocol with 24 hours at 10.2 psi, and for the 
proposed ISS campout protocol. The bubble model does not account for micro gravity simulation 
of any direct effects of exercise. Diving decompression tables based on the bubble dynamics 
model were developed and used on over 25000 commercial dives, with less than .1% DCS. 
These tables were designed to control the BGI to less than 3.5.  
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Figure 2. - Theoretical bubble growth associated with ground tests of the 4 hr. prebreathe, the 
10.2 psi staged protocol, the proposed ISS campout, and a typical Shuttle protocol with 24 hrs 
duration at 10.2 psi.  The model predicts significant bubble growth associated with the two 
ground tests, which resulted in approximately 23% DCS, while there is no bubble growth 
predicted for the as flown shuttle 10.2 psi staged protocol, or the proposed ISS campout. 
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Appendix C.  “Notes and Analysis of NASA Shuttle and ISS Prebreathe 
Options with Special Reference to ‘Campout’ Prebreathe” 
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Appendix D.  “Acceptability of Campout Prebreathe Protocol for ISS EVA 

Operations”  



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

71 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

72 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

73 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

74 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

75 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

76 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

77 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

78 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

79 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

80 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

81 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

82 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

83 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

84 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

85 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

86 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

87 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

88 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

89 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

90 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

91 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

92 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

93 of 169 

 

NESC Request No. 05-032-E 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

94 of 169 

 

NESC Request No. 05-032-E 

 



NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0  

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

95 of 169 

 

NESC Request No. 05-032-E 

 
 



 

NASA Engineering and Safety Center 
Technical Consultation Report 

Document #: 

RP-05-91 
 

Version: 

1.0 

Title: 

Prebreathe Protocol for Extravehicular Activity 
Technical Consultation Report 

Page #: 

96 of 169 

 

NESC Request No. 05-032-E 

Appendix E. “Overview of Shuttle and ISS Exercise Prebreathe Protocols and 
ISS Protocol Accept/Reject Limits” 
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Appendix F.  EVA Camp-Out Prebreathe Protocol Peer Review 
Team Charge 

 
The objective of this consultation is to review the physiological, modeling and operations 
data related to ISS EVA Camp-Out Prebreathe Protocol DCS risk and to assess the 
appropriateness of the draft JSC flight rule regarding the use of the ISS EVA Camp-Out 
prebreathe protocol.  
 
The exercise prebreathe protocol used currently on ISS for reducing the amount of 
nitrogen in the spacewalking crewmembers’ bodies prior to performing space walks 
from the ISS airlock has considerable ground testing and modeling and has been used 
successfully for several years on the ISS.  The EVA Camp-Out prebreathe protocol has 
existed for many years, but it has never been used on-orbit and it has not had as much 
ground testing to validate it.  It is however very similar to the 10.2 psia protocol that has 
been successfully used for most of the EVA’s performed from the Space Shuttle airlock 
and it does have some day-of-EVA time saving advantages over the currently used 
protocol.  Some future assembly crews and flight control teams would like to use this 
EVA Camp-Out prebreathe protocol because of this time savings advantage.  The 
management of the Shuttle and Station programs has requested that an independent 
review of the DCS risks associated with the EVA Camp-Out prebreathe protocol be 
conducted.  Feedback as to the acceptability of the EVA Camp-Out prebreathe protocol 
is requested before the programs are willing to consider it for use on future missions. 
 
The findings and observations are to be documented in a written report and out-briefed 
to the NESC Review Board and the stakeholders.   
 
The review team is asked to consider the following questions: 
 
1. Is the ISS EVA Camp-Out prebreathe protocol acceptable for use in nominal 
operations?  To answer this question, please consider the available ground testing data 
for validation, modeling, and the similarity/applicability to the Shuttle 10.2 psia protocol 
with its associated ground validation, modeling, and flight experience.  In this context 
“nominal operations” means that EVA Camp-Out prebreathe protocol would be 
considered equivalent to the other prebreathe protocols and would be an acceptable 
choice for mission planning and use. 
 
2. If the answer to the question in #1 is no, then is there a set of limited or restricted 
circumstances or off-nominal operations where the EVA Camp-Out prebreathe protocol 
would be considered acceptable?  In these circumstances, balancing risk across all ISS 
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operations including timeline would need to be considered by the flight control team in 
planning when to use the EVA Camp-Out prebreathe protocol. 
 
3. If the answer to the question in #1 is yes, then are the differences in predicted risk 
between the prebreathe protocols of operational significance and how should the flight 
control team consider these differences in predicted risk for mission planning/decision 
making? To answer this question, please consider the available ground testing data for 
validation, modeling, and flight experience of the various prebreathe protocols. 
 
4. Is the proposed flight rule B13-107 an acceptable approach to aide the flight control 
team in mission planning/decision making?   
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Appendix G.   “Estimated Risk of DCS and VGE in ISS Campout 
Prebreathe” 
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Appendix H.  “EVA Prebreathe Protocol Comparison: Operational Drivers” 
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Appendix I. List of Acronyms 
 
CEVIS  Cycle Ergometer with Vibration Isolation System 
CL  Confidence Limits 
CO2  Carbon Dioxide 
DCS  Decompression Sickness 
EVA  Extravehicular Activity (Spacewalks) 
IPT   Integrated Product Team 
ISS  International Space Station  
ITA  Independent Technical Assessment 
JSC  Johnson Space Center 
KSC  Kennedy Space Center 
N2  Nitrogen 
NASA   National Aeronautics and Space Administration 
NESC  NASA Engineering and Safety Center  
NRB  NESC Review Board 
O2  Oxygen 
PB  Prebreathe 
Psia  Pounds Per Square Inch Absolute 
S&MA  Safety and Mission Assurance 
SPRT   Super Problem Resolution Team 
TR   Tissue Ratio 
VGE   Venous Gas Emboli 
VO2  Oxygen Uptake 
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